cycles. And, unlike the open ocean, deoxygenation at the shallow coastal margins results in changes to sediment chemistry that accompany the shifts in biogeochemistry observed in the overlying water.
Some of the reasons that hypoxia is a focus of scientific research and applied science are that it may have undesirable effects on ecosystems, including loss of suitable and required habitat for many bottom-dwelling fishes and benthic fauna; habitat compression for pelagic fishes; direct mortality; increased predation; decreased food resources; and altered trophic energy transfer, bioenergetics (physiological, development, growth, and reproductive abnormalities), and migration (Rabalais et al., 2001 ). The increased nutrient loads causing hypoxia may also change the composition of the phytoplankton community and can shift trophic interactions (Turner et al., 1998) . Hypoxia also alters or interrupts ecosystem functions, such as nutrient cycling and bioturbation (Rabalais, 2004; Middelburg and Levin, 2009) . 
INTRODUCTION
Deoxygenation has become a focus of open ocean research in the last 10 years (Keeling et al., 2010) . However, lowoxygen areas, sometimes called "dead zones, " have been known for much longer in the coastal ocean and have increased in size and number during the last several decades (Díaz and Rosenberg, 2008) . Gilbert et al. (2010) concluded that the median oxygen decline rates observed in extensive data and 1960s for the northern Adriatic Sea (Justić et al., 1987) , between the 1940s and 1960s for the northwest continental shelf of the Black Sea (Zaitsev, 1992) , and in the 1970s for the Kattegat (Baden et al., 1990) . Declining dissolved oxygen levels were noted in the Baltic Sea as early as the 1930s (Fonselius, 1969) , but it wasn't until the 1950s that hypoxia became widespread (Karlson et al., 2002) . Other systems have been hypoxic since the beginning of oxygen data collection-in the 1930s for the Chesapeake Bay (Cooper and Brush, 1991; Brush, 2009 ) and the 1970s for the northern Gulf of Mexico (Rabalais et al., 2002) .
CAUSES AND EFFECTS
Eutrophication (an increase in the rate of primary production and carbon accumulation) usually causes decreasing dissolved oxygen in coastal waters, which leads to microbial oxygen consumption in the lower portion of a stratified water column that exceeds the re-aeration rate (Rabalais, 2004) . (This does not apply to upwelling-driven systems or oxygen minimum zones.) The development and global distribution of coastal hypoxia areas is closely associated with developed watersheds, the coupling between increased nutrient loads, especially nitrogen and phosphorus, and higher carbon Nancy N. Rabalais (nrabalais@lumcon.edu production. The size of the hypoxic zone adjacent to the Mississippi River, for example, is closely related to the nitrate load of the river for the two months before the mapping, and the same-sized hypoxic area is now formed with a lower nitrate load than historically (Turner et al., 2012 ; similarly, in Chesapeake
Bay [Hagy et al., 2004] (Galloway et al., 2008) . Also, the increased flux of phosphorus from land runoff and wastewater effluents has elevated the global flux of phosphorus to the ocean almost threefold to current loadings of ~ 22 Tg yr -1 (Bennett et al., 2001 ). The dissolved silicon concentration or loads (or both), however, have remained the same or decreased, so that the relative proportions of silicon to nitrogen and silicon to phosphorus in river effluents have decreased over time (Justić et al., 1995) . The result of these changes is that phytoplankton biomass increases where nitrogen or phosphorus or both are limiting (Turner and Rabalais, 2013) , and diatom growth may be limited or there may be shifts in diatom composition where the relative proportion of silicate to nitrogen approaches the Redfield ratio of 1:1 (Turner et al., 1998) . The overall result is higher primary production, greater flux of organic carbon to the bottom later, and more extensive bottom-water hypoxia where the necessary physical structure exists (i.e., prolonged stratification; Turner and Rabalais, 1994; Parsons et al., 2002) .
On a global level, the various physical processes, such as coastal upwelling and slope water intrusion, bring more dissolved inorganic nitrogen and phosphorus fluxes to continental margins than rivers, perhaps by a factor of six to nine for nitrogen and by two to three for phosphorus (Liu et al., 2010) .
However, a significant fraction of marine originated nitrate may be transported back to the ocean unused (Pomeroy et al., 2000) , resulting in an almost balanced N budget for the coastal ocean (Voss et al., 2013) . Eutrophication generally leads to reduced surface water pCO 2 in the coastal region because of enhanced surface primary production. This pCO 2 reduction is especially conspicuous in estuaries of nutrient-laden large rivers such as the Mississippi (Cai, 2003) .
Meanwhile, the pH in the highly productive surface waters increases as a result of surface production (Cai, 2003; Guo et al., 2012 at Tarbert Landing is shown in the bottom panel. The terrestrial carbon signature (-27 to -24‰) in coastal surface waters parallels peaks in river discharge, and organic carbon offshore (-22 to -18‰) represents an atmospheric source. The N source of particulate organic matter along the C transect is primarily from the river (-4 to 10‰) and subsequently incorporated into in situ production offshore. (Cai et al., 2011; Duarte et al., 2013) . Denitrification proceeds much of the year in normoxic waters, but it is dependent on the nitrate supplied by nitrification, a process that requires oxygen, which may be absent for extended periods and over broad areas of the seabed (Jäntti and Hietanen, 2012) . Nitrogen removal at the oxic/anoxic interface can be a significant process. In the Baltic Sea, it accounts for as much nitrate removal as does sedimentary denitrification (Dalsgaard et al., 2013) . Dissimilatory The inorganic nutrients fluxed from the sediments into the overlying water column become available to fuel further phytoplankton production in the overlying water with the appropriate mixing mechanisms. The degree to which these nutrients diffuse upward through the water column and across strong pycnoclines depends on hydrographic features.
Courtesy of Björn Wissel, University of Regina, and Brian Fry, Griffith University. River data from US Geological
High waves or strong currents will likely break down the physical structure of the water column, re-aerate it, and resuspend sediments and adsorbed and dissolved nutrients, with a subsequent, at least temporary, stimulatory effect for primary production.
CHEMICAL CLUES TO HISTORIC CHANGE
Evidence from biological paleoindicators (reviewed by Gooday et al., 2009) illustrates how communities of indicator The increased preservation of organic matter under anoxic conditions typically leads to elevated organic carbon content (Hartnett et al., 1998) , and sediments overlain by anoxic waters are often also enriched in trace metals (Tribovillard et al., 2006) . Sediment Chesapeake Bay (Adelson et al., 2001) and the Baltic Sea (Jilbert and Slomp, 2013) . Laminated sediments with high organic carbon (Zillén et al., 2008) and Mo/Al ratios (Jilbert and Slomp, 2013) Increased plant pigments stored in sediments, which indicate cyanobacterial or diatom blooms, may be the result of eutrophication or enhanced preservation due to hypoxic bottom waters (Rabalais et al., 2007b) .
CLIMATE CHANGE WILL LIKELY WORSEN LOW OXYGEN IN COASTAL WATER S
The world's climate has changed because of human activities, and it will continue to change even if greenhouse gas emissions are stabilized because of lagging impacts that will last for centuries.
The regional outcomes of the various global climate change (GCC) scenarios (IPCC, 2007 (IPCC, , 2013 altered the long-term pattern of upwelling, resulting in extensive hypoxia along the inner shelf (Chan et al., 2008) . Figure 7 . Conceptual diagram of the impacts of human and climate interactions on nutrientenhanced productivity, harmful and noxious algal blooms, and hypoxia formation (modified from Rabalais et al., 2010) . Positive (+) interactions designate a worsening of conditions related to algal blooms and hypoxia, and negative (-) interactions designate fewer algal blooms and lessening of hypoxia symptoms. Dashed lines indicate negative feedback processes to nutrient-enhanced production and subsequent hypoxia. The dotted line between "Anthropogenic activities" and "Climate variability/climate change" indicates that humans largely drive current climate change, but that climate change can certainly affect human activities. Modified from Rabalais et al. (2010), used under Copyright Agreement with Copernicus Press. eutrophication-induced hypoxia can be reversed if long-term, broad-scale, and persistent efforts to reduce substantial nutrient loads are developed and implemented. The need for water and resource managers to reduce nutrient loads even, if at a minimum, to maintain the current status, is critical in view of the significant effects of globally expanding hypoxia.
